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Abstract. There is a growing realization that events 
during one portion of an organism's life cycle can have 
both subtle and dramatic effects on other stages in the 
life history. Lethal and sublethal effects associated with 
the duration of larval sw imming in marine invertebrates 
were examined for the bryozoan Bugula neritina. Larvae 
were kept swimming up to a maximum of 28 h at 20°C 
by exposure to continuous bright fluorescent illumina¬ 
tion. At 4-h intervals, samples of 20-40 larvae were re¬ 
moved from bright illumination and were exposed to 
seawater containing 10 m M excess KC1, an inducer of 
metamorphosis in this species. Over the first 12 h of lar¬ 
val swimming, an average of about 90% of the larvae ini¬ 
tiated and completed metamorphosis; at 16 h, the per¬ 
centage of larvae initiating and completing metamor¬ 
phosis dropped significantly. By 28 h, about half of the 
larvae were initiating metamorphosis, whereas only one- 
fifth were completing metamorphosis. Larval swimming 
duration also significantly affected the duration of meta¬ 
morphosis. By 30 h of larval swimming, individuals were 
taking about 25% longer to complete metamorphosis. 
Compared to ancestrulae that developed from larvae 
that were induced to metamorphose shortly after the on¬ 
set of swimming, those that swam for greater than 8 h 
had significantly smaller lophophorcs. For example, by 
28 h of larval swimming the ancestrular lophophore de¬ 
creased in height, surface area, and volume by about 
25%, 40% and 55%, respectively. This marked decrease 
in lophophore size may ultimately affect the ability of 
juveniles to sequester food, compete for space, and attain 
reproductive maturity. Thus, increasing the duration of 
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larval swimming affects both metamorphosis and the de¬ 
velopment of postlarval structures, which may ulti¬ 
mately influence colony fitness. 


Introduction 

Many sedentary or sessile marine invertebrates possess 
a larval stage that on an ecological time scale can func¬ 
tion to (1) extend species ranges, (2) connect otherwise 
geographically separated adult populations, (3) alleviate 
parent-offspring and intraspecific competition, and (4) 
facilitate the recolonization of disturbed habitats. The 
longer a larva spends in the plankton, however, the 
greater the chance that it will incur a cost due to physio¬ 
logical stress, starvation, predation, and advection away 
from suitable sites (Thorson, 1950; Rumrill, 1990; Mor¬ 
gan, 1995). Thus, theoretically a trade-off exists between 
the benefits of dispersal and its attendant costs (see 
Vance, 1973; Strathmann, 1985, for models examining 
life history strategies). 

Recent evidence suggests that, in addition to lethal 
effects, there are also sublethal costs associated with du¬ 
ration of the larval swimming stage, especially for species 
with nonfeeding larvae (reviewed by Pechenik, 1990). 
Sublethal costs influencing juvenile fitness have yet to 
be incorporated into models of life-history strategies and 
have not been rigorously characterized empirically. Pre¬ 
sumably any sublethal costs associated with remaining 
in the plankton are due to effects of larval senescence or 
depletion of energy reserves to a level at which juveniles 
have reduced fitness. 

Feeding larvae should be buffered against costs related 
to the depletion of energy stores, because they can re- 
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plenish their energy reserves continuously (Highsmith 
and Emlet, 1986; Pechenik and Eyster, 1989). However, 
they are unable to extend their lives indefinitely, and 
eventually they either senesce and die or undergo spon¬ 
taneous metamorphosis (Pechenik, 1990). Because of 
the limited energy supply (barring use of dissolved or¬ 
ganic material [DOM]), aplanktotrophic larvae, i.e., lar¬ 
vae that do not rely on particulate food, 1 have more rigid 
constraints on the amount of time they can spend in the 
plankton. 

A larva is considered to be in an extended swimming 
period when it is physiologically capable of responding 
to cues that elicit metamorphosis, but instead continues 
swimming in the absence of those cues. Marine inverte¬ 
brates do not possess endogenous clocks that control the 
duration of the larval period, but instead they metamor¬ 
phose in response to cues associated with a favorable 
adult habitat (Scheltema, 1974; Hadfield, 1978; Morse 
and Morse, 1984;Chia, 1989; Pawlik, 1992). Once com¬ 
petent to metamorphose, a larva can remain in the swim¬ 
ming phase for one of two reasons; (1) it has not encoun¬ 
tered a suitable cue to trigger metamorphosis; or (2) it 
has encountered the cue, but additional factors prevent 
the normal metamorphic response. An example of the 
latter situation was provided by Young and Chia (1981). 
They demonstrated that competent larvae of Biigula pa¬ 
cified delay metamorphosis in the presence of extracts of 
a dominant competitor, the compound ascidian Diplo- 
soma macdonaldi. In either case, the benefits associated 
with remaining in the plankton seem readily apparent: a 
larva is able to synchronize the onset of metamorphosis 
with encountering a favorable site. However, the longer 
a larva is in the plankton the greater its exposure to the 
potential lethal and sublethal effects of a planktonic ex¬ 
istence (Rumrill, 1990; Morgan, 1995). 

Because planktotrophic larvae can feed on particulate 
matter throughout the larval stage, they should not incur 
substantial sublethal costs; aplanktotrophic larvae, on 
the other hand, have finite energy reserves, and thus 
should incur these costs quicker and with more severity. 

‘I propose the term aplanktotrophic to include larvae that are either 
lecithotrophic, translocational, or adelphophagic. Lecithotrophic lar¬ 
vae acquire nutrients (yolk) during oogenesis; translocational larvae 
have nutrients transferred to the developing embryo after fertilization; 
and adelphophagic larvae feed on siblings during encapsulation or 
brooding. These terms refer to the specific processes by which larvae 
obtain their energy reserves. The inappropriate synonymy of the terms 
lecitholrophy and nonfeeding is commonly encountered in the litera¬ 
ture. Clearly all nonfeeding larvae are not lecithotrophic. The term 
aplanktotrophic is a more appropriate general classification for larvae 
that derive their energy reserves from sources other than the plankton, 
and it emphasizes the underlying similarity of these larvae ( i.e not 
feeding on planktonic particulate matter). From an energetic stand¬ 
point, aplanktotrophic larvae are independent of particulate food in the 
plankton. 


This generalization is supported by the few studies that 
have addressed the issue explicitly. For example, High¬ 
smith and Emlcl (1986) found no significant correlation 
between delay time and juvenile growth rate in the sand 
dollar Echinorachnius panna. which has planktotrophic 
larvae. Also, Pechenik and Eyster (1989) found no sig¬ 
nificant differences in average survival, feeding, respira¬ 
tion. or growth rates between juveniles of the plankto¬ 
trophic gastropod Crepidula fornicata that were induced 
to metamorphose shortly after attaining competence and 
those that were kept swimming until metamorphosis oc¬ 
curred spontaneously. Results of these two studies sug¬ 
gest that planktotrophic larvae can have an extended lar¬ 
val swimming period without incurring substantial cost 
to juvenile fitness. 

In contrast, species with aplanktotrophic larvae can 
incur sublethal costs as the duration of the larval swim¬ 
ming period increases. For example, in 12 out of 14 cases 
Woollacott ct al. (1989) demonstrated that after 10 h of 
swimming, larvae of B. stolonifera developed into juve¬ 
niles that grew significantly slower than juveniles devel¬ 
oped from larvae that had a swimming period of 6 h. For 
the barnacle Balaam amphitrile. prolonging the swim¬ 
ming period of cyprids for 3-5 days dramatically de¬ 
pressed juvenile growth rate compared to controls (Pe¬ 
chenik ct al., 1993). Conversely, Pechenik and Cerulli 
(1991) found that prolonging the swimming period of 
the aplanktotrophic larvae of the marine polychaete Ca- 
pitella sp. I for up to 216 h had no effect on postmeta- 
morphic growth rate, time to first reproductive activity, 
or fecundity. However, increasing larval swimming time 
did significantly decrease postsettlement survivorship 
from 100% (not prolonged) to 12.5% (prolonged for 
216 h). Although those individuals that survived in¬ 
curred no sublethal costs, there was a substantial postlar- 
val mortality. 

Clearly, being able to initiate and to complete meta¬ 
morphosis is central to survival. More subtle, however, 
are the sublethal effects associated with a prolonged pe¬ 
riod of larval swimming. Intra- and interspecific compe¬ 
tition between sessile invertebrates for space and food is 
directly related to size (Buss, 1979; Buss and Jackson, 
1981). In addition, for Biigula neritina , reproductive ma¬ 
turity is attained only after a minimum number of bi¬ 
furcations (Keough, 1987). Therefore, an individual’s 
fitness may be compromised by being smaller after meta¬ 
morphosis or by taking longer to metamorphose. 

The effects of the duration of larval swimming were 
assessed for the cheilostome bryozoan B. neritina. which 
has an aplanktotrophic larva that acquires its nutrient 
reserves translocationally through a placenta-like system 
(Woolacott and Zimmer, 1975). Specifically, 1 examined 
(1) duration of metamorphosis; (2) ability of larvae to 
initiate metamorphosis; (3) ability of individuals to com- 
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plcte metamorphosis; and (4) size of and tentacles in the 
ancestrular lophophore. Because larvae of B. nerilina are 
aplanktotrophic and therefore limited energetically, 1 
predicted (1) a positive correlation between larval swim¬ 
ming duration and time required to complete metamor¬ 
phosis (a result of the utilization of less labile energy 
sources to complete metamorphosis); (2) an inverse cor¬ 
relation between larval swimming duration and ability 
to initiate and complete metamorphosis; and (3) a nega¬ 
tive correlation between size of the lophophore and du¬ 
ration of the larval swimming stage. These factors influ¬ 
ence the ability to sequester food, compete for space, and 
attain reproductive maturity, which undoubtedly affects 
an individual’s fitness. 

Materials and Methods 

Gravid colonies of Biigula neritina were collected 
from the undersides of floating docks near the Smithson¬ 
ian Marine Station in Fort Pierce, Florida, from Febru¬ 
ary 7 through April 1995 and in February 1996. Colonies 
were shipped to Cambridge, Massachusetts, and were 
maintained in the laboratory in plastic aquaria at 20°C 
in darkness with continuous aeration. No food was pro¬ 
vided for the colonies. 

Larvae were obtained from pools of colonies to foster 
genetically heterogeneous populations for the experi¬ 
ments. Colonies were removed from the dark, placed in 
glass bowls with 1.5 1 of seawater, and exposed to fluo¬ 
rescent light. Within 30 min of illumination, larvae ap¬ 
peared; by 2 h, release was complete. B. neritina larvae 
are positively phototactic on release, and this behavior 
facilitated their collection because they aggregated on the 
illuminated side of dishes. Larvae were collected and dis¬ 
pensed to experimental vessels with pipettes. Experi¬ 
ments were started within 1.5 h after the appearance of 
larvae; therefore, at most, larvae would differ in age by 
90 min. Larvae used in experiments were obtained only 
from parent colonies kept in the laboratory less than 
6 days, and parent colonies were re-used for releases over 
this 5-day period in the laboratory. 

Larvae of B nerilina did not initiate metamorphosis 
when exposed to bright fluorescent illumination; thus by 
removing larvae from the illumination at regular in¬ 
tervals, it was possible to create populations that differed 
in the length of swimming time. Following release, larvae 
were transferred to a glass finger bowl containing 250 ml 
of 0.2-Mm-filtered seawater. The finger bowl was illumi¬ 
nated from below using three 50-watt fluorescent Vita 
Lites. Illumination levels ranged from 130 to 145 /uE 
m 2 s ’. Due to their small size, the larvae in each condi¬ 
tion could only be counted accurately after the experi¬ 
ment was over. Approximately 20-40 larvae were re¬ 
moved from the bright fluorescent illumination at 4-h 


intervals for 28 h. They were then pipetted into glass 
Stendor dishes containing 20 ml of 0.2-^m-filtered sea¬ 
water with an excess of 10 m3/ KC1, an inducer of bryo- 
zoan metamorphosis (Wendt and Woollacott, 1995). 
The swimming times reported are minimum estimates 
in that larvae did not initiate metamorphosis instantane¬ 
ously. However, preliminary experiments showed that 
> 70% of the larvae initiated metamorphosis within the 
first hour after transfer. Initiation and completion of 
metamorphosis w ere determined for each sample condi¬ 
tion after 72 h (see below ; on how initiation and comple¬ 
tion are defined). 

Each time condition was sampled and metamor¬ 
phosed individuals were “relaxed” in 7.5% MgCL. Ten¬ 
tacle length, lophophore crown diameter, and lopho¬ 
phore base diameter were measured for each ancestrula 
(Fig. 1). These parameters were used to calculate height, 
volume, and surface area of the lophophore on the basis 
of the following equations (Beyer, 1987), 

Height = V c 2 - ( '/,) (a - W (!) 

Volume = Trh[a 2 + ab + /r]/l2 (2) 

Surface area = iu\a + b)/ 2 (3) 

where a is diameter of the lophophore at its crown, b is 


a 



Figure 1 . Schematic of an ancestrula of Buguta nerilina showing 
the measured parameters, crown diameter (a), base diameter (b), and 
tentacle length (c). and the calculated parameter, height (h). The height 
was calculated using equation 1 in Materials and Methods. 
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diameter of the lophophore at its base, e is tentacle 
length, and h is height of the lophophore. 

An additional three trials of this experiment (using 270 
individuals) were carried out to extend the larval swim¬ 
ming period by 12 more hours and to increase the num¬ 
ber of individuals at later time points. This experiment 
followed an identical protocol, but larvae were sampled 
only at 0 h, 30 h, and 40 h. Due to the difference in sam¬ 
pling times, data from these three trials are presented 
separately. 

A second experiment was conducted to determine if 
the time to metamorphosis changed as a function of lar¬ 
val swimming duration. In this experiment larvae were 
sampled at 10-h intervals, and they were transferred to 
and kept separate in 2-ml multiwelled dishes. Individual 
larvae were followed on an hourly basis to provide an 
accurate determination of when metamorphosis was ini¬ 
tiated and completed. 

Attachment (often referred to as settlement in the lit¬ 
erature) of bryozoan larvae is tightly coupled to meta¬ 
morphosis in that attachment is not reversible and is 
marked by eversion of the metasomal (internal) sac. This 
is the first morphogenetic movement of metamorphosis 
in larvae of Bugula spp. and other bryozoans (Zimmer 
and Woollacott 1977). Thus, attachment in bryozoans is 
not exclusively a behavioral change associated with sub¬ 
stratum exploration. I will hereafter refer to this process 
as the initiation of metamorphosis. Metamorphosis was 
considered complete after the ancestrula everted its loph¬ 
ophore. 

The number of larvae that initiated and completed 
metamorphosis in each treatment was expressed as a per¬ 
centage. The results of each of the replicates were plotted 
individually to determine between-trial similarity. With¬ 
out exception, the general trends were similar in each of 
the replicates, and the replicates were thus treated as sin¬ 
gle data sets for statistical analysis and graphing. Data 
from within treatments did not differ significantly from 
a normal distribution, so a factorial ANOVA was per¬ 
formed to identify heterogeneity of variances within the 
data set. Fisher’s protected least significant difference 
(PLSD), a post hoc test, was used to identify sources of 
such variation among the data. 

Results 

Duration of metamorphosis 

Time required from initiation to completion of meta¬ 
morphosis increased significantly for each 10-h increase 
in larval swimming period (ANOVA, F = 55.7; P = 
<0.0001: Fisher PLSD, 0 vs. 10,P = 0.004, 10 vs. 20 and 
20 vs. 30, P = <0.0001). Mean duration of metamorpho¬ 
sis was 39 ± 0.4 h, 42 ± 0.3 h, 46 ± 0.7 h, and 49 ± 0.9 h 
for individuals that developed from larvae swimming for 



Larval Swimming Duration (h) 

Figure 2. Bugula ncrilina. Duralion of metamorphosis versus lar¬ 
val swimming period. Individual larvae were followed on an hourly 
basis from inilialion (attachment by eversion of the metasomal sac) to 
completion (eversion of the lophophore) of metamorphosis. All time 
classes are significantly different from each other (bars = I standard 
error; n = 26-35 for each condition). 


0, 10, 20, and 30 h, respectively (Fig. 2). Cumulative per¬ 
cent completion of metamorphosis was sigmoidal, al¬ 
though the curve was right-shifted for each successive lar¬ 
val swimming period (Fig. 3). The amount of time for 
50% of the individuals to complete metamorphosis (A' (l ) 
was approximately 37.5, 40.5, 44.0, and 49.0 h for indi¬ 
viduals that developed from larvae swimming 0. 10, 20, 
and 30 h, respectively (Fig. 3). Duration of metamorpho¬ 
sis ranged from 36 to 62 h. 

Initiation and completion of metamorphosis 

An increased larval swimming period significantly 
affected the percentage of individuals initiating and com¬ 
pleting metamorphosis. ANOVA revealed significant 
heterogeneity of variances for percent initiation and per¬ 
cent completion of metamorphosis over the duration of 
the experiment (Table 1). On average, close to 95% of the 
larvae initiated metamorphosis through 12 h (Fig. 4). At 
16 h, 67 ± 7% (mean ± standard error) of the larvae were 
initiating metamorphosis (P = 0.01; Fisher PLSD). After 
16 h the percentage of larvae initiating metamorphosis 
decreased slightly, although the variability between trials 
was such that no significant decline occurred between 16 
and 28 h. On average for 0 through 12 h, the percentage 
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Figure 3. Bugula ncntina. Cumulative percent completion of metamorphosis versus larval swimming 
period. K c values, the time for 50% of the individuals to complete metamorphosis, were approximated by 
connecting 50% completion to the \-axis. Lines at 100% completion are staggered for clarity, n = 26-35 
individuals for each swimming lime. 


of individuals completing metamorphosis was almost 
identical to the number of larvae initiating metamorpho¬ 
sis (Fig. 4). The percentage of individuals completing 
metamorphosis declined significantly at 16 h to 52% ± 


Table I 

One-factor A NO I A results for the effect of larval swimming duration 


on duration of metamorphosis, on initiation and completion of 
metamorphosis, on the height, surface area, and volume of the 
lophophore, and on the measured parameters of the lophophore 


Parameter 

df 

T-test 

T-value 

Duration of metamorphosis 

3 

55.75 

<0.0001 

Initiation of metamorphosis 

7 

5.97 

0.0002 

Completion of metamorphosis 

7 

25.63 

<0.0001 

Tentacle length 

7 

9.98 

<0.0001 

Lophophore diameter (top) 

7 

9.981 

<0.0001 

Lophophore diameter (base) 

7 

4 ISO 

<0.0003 

Lophophore height 

7 

9.195 

<0.0001 

Lophophore surface area 

7 

10.69 

<0.0001 

Lophophore volume 

7 

10.58 

<0.0001 


12% (mean ± standard error; P = 0.0004; Fisher PLSD). 
In contrast to initiation, however, mean percentage of 
individuals completing metamorphosis declined signifi¬ 
cantly from 16 h to 24 and 28 h (mean ± standard error, 
52 ± 12, 22 ± 7, and 17 ± 3, respectively: P = <0.003; 
Fisher PLSD). 

Lophophore parameters 

An increased larval swimming period significantly 
affected the size of the ancestrular lophophore in Bugula 
neritina. Mean tentacle length and base and crown di¬ 
ameters of the lophophore of the ancestrulae decreased 
by 25%, 24%, and 12.5%, respectively, in individuals that 
developed from larvae that were swimming for 28 h 
compared to individuals that developed from larvae in¬ 
duced to metamorphose shortly after the onset of larval 
swimming (Table II). Mean height, surface area, and vol¬ 
ume of the lophophore decreased as a function of in¬ 
creased larval swimming duration (Fig. 5a, b, c). AN- 
OVA revealed significant heterogeneity of variances for 
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Larval Swimming Duration (h) 

Figure 4. Percent initiation and completion of metamorphosis versus larval swimming duration in 
Bugula neritina. Larvae kept swimming for 16 h were less likely to both initiate and complete metamor¬ 
phosis. The lines are staggered slightly for clarity (bars = 1 standard error; n ~ 5). 


each of these calculated parameters (Table I), and sig¬ 
nificant declines occurred after 8 h of larval swimming. 
By 28 h of larval swimming the percent decrease in mean 
lophophore height, surface area, and volume was 25%, 
40%, and 55%, respectively, compared to individuals 
that developed from larvae induced to metamorphose 
shortly after the onset of larval swimming. Maximum 
number of tentacles (21: range 19-21) occurred in indi¬ 


viduals that developed from larvae induced to metamor¬ 
phose shortly after the onset of larval swimming (Table 
II). Minimum number of tentacles (16: range 16-20) oc¬ 
curred in ancestrulae that developed from larvae kept 
swimming for 24 h prior to the onset of metamorphosis 
(Table II). 

Significant declines were observed for all parameters 
in the second experiment also. After 40 h of larval swim- 


Tablc 11 


Tentacle length top and base diameter of the lophophore, and ranges of tentacle number as a function of larval swimming duration 
(mean ± standard error of the mean); measurements were made on ancestrulae less than 24 h post metamorphosis 


Swimming Duration (h) 

N 

Tentacle Length (^m) 

Top Diameter (^m) 

Base Diameter (^m) 

Tentacle # (Range:Mode) 

0 

28 

520 ± 10 

556 ± 10 

152 ± 3 

19-21:20 

4 

31 

493 ± 11 

535 ± 1 1 

153 ± 2 

17-21:19 

8 

28 

467 ± 13 

513 ± 11 

145 ± 3 

18-21:19 

12 

32 

469 ± ) 2 

518 ± 9 

142 + 2 

17-21:20 

16 

23 

442 ± 12 

499 ± 13 

145 ± 3 

17-21:19 

20 

23 

412 ± 16 

474 ± 20 

139 ± 4 

17-21:19 

24 

15 

400 ± 16 

424 ± 15 

142 ±3 

16-20:18, 19 

28 

8 

390 ± 27 

423 + 21 

133 ±4 

18-20:20 
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Larval Swimming Duration (h) 

Figure 5. Bugitla ncritina Height (A), surface area (B), and volume 
(C)oflophophore as a function of larval swimming duration in Bugula 
ncritina Samples of larvae were taken every 4 h, al which lime they 
were induced lo metamorphose by exposure lo 10 m M excess KC1 in 
seawater. Each datum is the mean of 8-32 individuals pooled from 5 
replicates (bars = l standard error). 


ming, the mean height, surface area, and volume de¬ 
creased by ca. 30%, 50%, and 62%, respectively, when 
compared to those of individuals that developed from 
larvae induced to metamorphose shortly after the onset 
of larval swimming (ANOVA; F = >100.00, P = 
<0.0001 for each parameter, n = 3; a total of 107, 143, 
and 20 individuals were measured for 0, 30, and 40 h, 
respectively). 

Discussion 

Duration of metamorphosis 

Duration of metamorphosis on average increased as a 
function of larval swimming period (Figs. 2 and 3). After 
30 h of larval swimming, individuals were taking almost 
10 h longer to complete metamorphosis than those in¬ 
duced shortly after the onset of larval swimming. The 
observed increase in duration of metamorphosis is prob¬ 
ably due to the utilization of less labile energy sources to 
complete metamorphosis. In Bugula spp. certain larval 
tissues (e.g., the corona, ciliated epithelia, and vesicular 
collarettes) are transitory. At the onset of metamorphosis 
these tissues are internalized and ultimately undergo his¬ 
tolysis (Woollacott and Zimmer, 1978). Individuals that 
swim longer before initiating metamorphosis deplete la¬ 
bile energy stores to a greater degree and, therefore, they 
must rely more heavily on these transitory tissues for the 
energy necessary to complete metamorphosis. It is likely 
that the biochemical processes needed to histolyze these 
tissues increase the duration of metamorphosis. Whether 
the increase in duration of metamorphosis compromises 
juvenile fitness has yet to be determined. 

Initiation and completion of metamorphosis: lethal 
effects and the mechanisms governing abilities to initiate 
and complete metamorphosis 

These data document a substantial lethal cost to B. 
ncritina in that a significant portion of larvae lose the 
ability over time to initiate or complete metamorphosis. 
Woollacott et al. (1989) found similar lethal costs in B. 
stolonifera in that 40% of larvae lost metamorphic com¬ 
petence after 10 h of swimming. A loss of competence 
was also observed after 24 h of larval swimming in Cel- 
leporella hvalina. another cheilostome bryozoan (Orel¬ 
lana and Cancino, 1991). Pechenik and Cerulli (1991) 
found that delaying metamorphosis of the aplankto- 
trophic larvae of the marine polychaete Capitella sp. 
caused an 87% decrease in postsettlement survivorship 
in individuals that developed from larvae that were 
swim ming for 216 h, compared to individuals that devel¬ 
oped from larvae induced to metamorphose shortly after 
becoming competent. 

The mechanisms governing the ability of larvae to ini- 
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tiate metamorphosis and the ability of larvae to complete 
metamorphosis are unknown. Two hypotheses have 
been presented to explain loss of metamorphic compe¬ 
tence: (1) an energetic hypothesis stating that larvae lose 
competence as a result of depleting energy reserves dur¬ 
ing swimming (Lucas et al., 1979; Pechenik, 1990; 
Jaeckle, 1994; Pawlik and Mense, 1994); and (2) a sen- 
son' hypothesis stating that larvae are unable to respond 
to cues due to degradation of the receptor or other limit¬ 
ing elements in the transduction pathway (Pechenik, 
1980; Pechenik and Fried, 1995). These processes are 
probably not mutually exclusive given that the ability of 
larvae to maintain a functional receptoral apparatus is 
also presumably dependent on energy. 

The ability of B. neritina to successfully initiate meta¬ 
morphosis may not depend directly on depiction of en¬ 
ergetic reserves. If ability to initiate metamorphosis were 
under energetic constraints, then as larvae continue to 
swim, one might expect a larger portion to deplete their 
reserves below the level needed for initiating metamor¬ 
phosis. One should then observe a continuous decrease 
in successful initiation throughout the duration of larval 
swimming. Such a pattern, however, was not observed. 
Specifically, after 16 h of larval swimming, the ability to 
initiate metamorphosis was not negatively correlated 
with larval swimming duration (Fig. 4). Further data for 
addressing energetic constraints as an explanation for 
loss of metamorphic competence (/>., ability to initiate) 
in B. neritina is provided by Jaeckle (1994) in his respi¬ 
rometry work with larvae. If we assume an average respi¬ 
ration rate of 0.1 18 mJ larva” 1 h” 1 (calculated from data 
in table 5; Jaeckle, 1994) and an average energy content 
of 15.24mJ larva* 1 for larvae of B. neritina (Jaeckle, 
1994), by 16 h of swimming, larvae will have depleted 
12% of their energy content. Whether a 12% decrease in 
larval energy reserves is sufficient to cause a loss of meta¬ 
morphic competence is unknown, but on average over 
60% of larvae retained metamorphic competence at this 
time. These data suggest that an alternative mechanism 
(e.g., receptor degeneration) may be governing the loss 
of metamorphic competence in B. neritina. 

Although the ability to initiate metamorphosis may 
not be under energetic control, the ability to complete 
metamorphosis is likely to be constrained energetically. 
The fact that completion of metamorphosis continues to 
decrease significantly throughout the duration of larval 
swimming indicates that energetic limitations exist. The 
exact portion of individuals that initiate but fail to com¬ 
plete metamorphosis is represented by the divergence of 
the two curves after 16 h (Fig. 4). On average by 28 h of 
larval swimming, only 30% of the individuals that initi¬ 
ated metamorphosis successfully completed it. The di¬ 
vergence between the ability of larvae to initiate and 
complete metamorphosis after 12 h demonstrates that 


although larvae can successfully respond to cues and ini¬ 
tiate metamorphosis, they are unable to complete it (Fig. 
4). This observation suggests that factors controlling the 
ability to initiate metamorphosis are distinct from those 
controlling the ability to complete it. Possibly, as the 
population of larvae continue swimming, a larger por¬ 
tion deplete their energy reserves beyond the amount 
needed to complete metamorphosis. This energetic de¬ 
pendency is further supported by the observation that 
larvae die at various stages during metamorphosis. 

Thus, for aplanktotrophic bryozoan larvae, ability to 
initiate metamorphosis appears independent of energy 
reserves and may depend on degradation of some key 
element in the receptor pathway responsible for site rec¬ 
ognition. In contrast, ability to complete metamorphosis 
may depend on larval energy reserves and, therefore, in¬ 
directly on the duration of the larval swimming period. 

In light of recent studies on the uptake of dissolved 
organic matter (DOM) in invertebrate larvae (Langdon, 
1983; Manahan, 1983, 1989, 1990; Jaeckle and Mana- 
han, 1989a, b; Shilling and Manahan, 1990; Welborn 
and Manahan, 1990; Ronnestad et al. 1992; Fenaux et 
a/., 1994; Hoegh-Guldberg, 1994; Jaeckle, 1994, 1995b), 
discussions of larval energetics must incorporate the po¬ 
tential metabolic contributions of this alternative energy 
source. It should be emphasized, however, that although 
the transport of DOM by larvae is well established, the 
metabolic use of this additional energy pool and its rele¬ 
vance to larval ecology remain equivocal (Pechenik, 
1990; Jaeckle, 1995a). Experiments are needed that 
compare metamorphic competence, maximum swim¬ 
ming duration, and size after metamorphosis between 
individuals that have access to DOM and those that 
do not. 

Lophophore parameters: sublethal effects and their 
potential costs to juvenile fitness 

In addition to the lethal costs, such as the loss of meta¬ 
morphic competence and the inability of larvae to com¬ 
plete metamorphosis, there exist more subtle, sublethal 
costs to juvenile fitness. These results document that 
mean size of the ancestrular lophophore decreases as lar¬ 
val swimming period increases (Table II, Figs. 5a, b, c). 
After a larval swimming period of 28 h, there were sig¬ 
nificant reductions in all parameters of the lophophore. 
Sublethal costs to juvenile fitness have also been demon¬ 
strated for the congener B. stolonifera (Woollacott et al., 
1989) and the barnacle Balaam amphitrite (Pechenik et 
al., 1993). The observed reduction in lophophore size 
may affect the ability of ancestrulae to clear food parti¬ 
cles from their surrounding medium. The surface area 
and volume of the lophophore have not been examined 
explicitly as variables i n bryozoan feeding rates, although 
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the height of the lophophore has been shown to be posi¬ 
tively correlated with particle velocity (Best and Thorpe, 
1986). The observed decrease in height (Fig. 5a) may 
have a marked effect on competitive ability of ancestru- 
lae, because larvae commonly recruit in a clumped fash¬ 
ion (Keough, 1984; Roberts et al. , 1991). Furthermore, 
Keough (1987) found that postmetamorphic mortality 
of Bugula neritina is as high as 70% within the first week. 
He attributed this high mortality rate to microhabitat 
differences, but further evaluation in the context of post¬ 
metamorphic conspecific competition is needed. Also, 
because reproduction in B. neritina occurs only after a 
colony reaches a certain minimum size (ca. 7 bifur¬ 
cations) and total reproductive output in colonial ma¬ 
rine organisms is a function of overall colony size 
(Keough, 1989), individuals with a greater ability to 
gather food will attain the reproductive threshold sooner. 
My results demonstrate that increasing the duration of 
larval swimming in the aplanktotrophic larvae of B. ner¬ 
itina causes a marked decrease in lophophore size, which 
may ultimately compromise colony fitness. 

This study clearly demonstrates the effects of extended 
larval swimming on the metamorphosis and develop¬ 
ment of postlarval structures in marine invertebrates. 
The lethal and sublethal effects accrued to individuals as 
a result of events that occur during the larval period have 
also been shown in fish (McCormick and Molony, 1992) 
and amphibians (Audo et al., 1995). Understanding the 
scope of these effects in marine invertebrates as well as 
fish and amphibians will require studies of the physiolog¬ 
ical underpinnings of these effects and the costs to juve¬ 
nile fitness. 
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